INTRODUCTION
============

The prevalence of type 2 diabetes is increasing. Globally, it was estimated that 415 million people aged 20--79 years had diabetes in 2015.[@b1-jomes-26-197] People with diabetes confront numerous serious health problems, including blindness, kidney failure, cardiovascular disease, premature death, cognitive decline, and amputations.[@b2-jomes-26-197] A number of lifestyle factors are known to affect development of type 2 diabetes, including lack of physical activity, obesity, a dietary shift toward more refined carbohydrates, urbanization, and stress.[@b3-jomes-26-197],[@b4-jomes-26-197] At the cellular level, decreased beta (β) cell function and increased insulin resistance are known to play a part in the pathogenesis of type 2 diabetes.[@b5-jomes-26-197] Pancreatic β cells, which intrinsically possess low antioxidant enzyme activity, are vulnerable to oxidative damage.[@b6-jomes-26-197] Indeed, oxidative stress gives rise to β cell loss[@b7-jomes-26-197] and is known to be involved in diabetes.[@b8-jomes-26-197]

Blood mercury results in cellular production of reactive oxygen species and lipid peroxidation.[@b9-jomes-26-197] Blood mercury also inhibits the activity of mitochondrial enzymes, leading to mitochondrial membrane depolarization and damage, which also increase the production of reactive oxygen species.[@b10-jomes-26-197] Human exposure to mercury, especially methyl mercury, occurs through various pathways, including consumption of seafood, occupational and household use of products containing mercury, and use of dental amalgams.[@b11-jomes-26-197] In particular, high dietary intake of seafood is one of the most effective routes of exposure.[@b12-jomes-26-197] The adverse health effects of mercury are a result of the extent of exposure (quantity, frequency, and duration), the speciation of mercury accumulated in the body, and the age of the person.[@b13-jomes-26-197] Unfortunately, the human body has no capability for active excretion of mercury. Therefore, mercury accumulates in the tissues of the human body.[@b14-jomes-26-197] This accumulation is associated with chronic inflammation and the development of many diseases, such as stroke[@b15-jomes-26-197], hypertension, and insulin resistance.[@b16-jomes-26-197] Therefore, increased mercury exposure could contribute to the pathology of diabetes due to oxidative stress, which damages pancreatic β cells and has effects on glucose tolerance and insulin secretion.[@b17-jomes-26-197],[@b18-jomes-26-197]

The homeostasis model assessment for insulin resistance (HOMA-IR) has been widely used to estimate the extent of insulin resistance. The cutoff value for HOMA-IR in Korean non-diabetic adults has been reported as 2.34 (sensitivity, 62.8%; specificity, 65.7%).[@b19-jomes-26-197] Furthermore, previous studies demonstrated that blood mercury concentration was associated with HOMA-IR score in Koreans.[@b20-jomes-26-197] However, the cut-off value of blood mercury concentration that enables prediction of increasing HOMA-IR score has not been established. Therefore, in this study, we tried to pinpoint the cut-off value for blood mercury concentration that has the highest sensitivity and specificity for predicting an increase in HOMA-IR score.

METHODS
=======

Study data
----------

The Korea National Health and Nutrition Examination Survey (KNHANES) is a nationwide cross-sectional health survey. Participants are representatives of the Korean population. KNHANES results have external validity. This study was based on data obtained from the fourth (2008 and 2009, IV-2, 3) to fifth (2010, V-1) years of the KNHANES. From an initial total of 29,235 subjects, 23,618 were excluded due to missing data on blood mercury (22,883 subjects), age \<19 or ≥70 years (10,474 subjects), type 2 diabetes (422 subjects), or an extreme blood mercury level (\>500 μg/L, one subject). Diabetes was defined as current use of anti-diabetic medications, a self-reported physician's diagnosis of diabetes, or a fasting glucose level ≥126 mg/dL (6.99 mmol/L). A final total of 5,184 subjects (2,523 men and 2,661 women) were included in this study ([Fig. 1](#f1-jomes-26-197){ref-type="fig"}), consisting of 830 men and 885 women in 2008, 845 men and 847 women in 2009, and 848 men and 929 women in 2010, suggesting that the data are still representative of the population as a whole. All participants provided written informed consent to participate in the survey. The Institutional Review Board of Ajou University Hospital (Suwon, Republic of Korea) approved this study (AJIRB-MED-EXP-16--483).

Measurements
------------

Blood mercury was measured by the Gold-Amalgam method using a DMA-80 apparatus (Milestone, Italy); the inter-assay coefficients of variation were 0.47--6.08%. Serum insulin concentrations were measured using an INS-Irma gamma counter with an immunoradiometric assay (Biosource, Nivelles, Belgium), and blood glucose concentrations were measured using a Pureauto S GLU automated analyzer with an enzymatic assay (Daiichi, Tokyo, Japan). Insulin resistance was estimated using HOMA-IR score calculated as \[fasting insulin (μIU/mL)×fasting glucose (mg/dL)\]/405. Physical examinations were performed by a trained examiner who followed a standardized procedure. Current smokers were defined as individuals who had smoked more than five packs of cigarettes during their lifetime and were currently smoking; non-smokers had no history of smoking; past-smokers included smokers who had smoked in the past but had quit. Regular alcohol drinkers included those who currently drank alcohol more than one time per month, while nondrinkers comprised all others. Physical activity was assessed by a questionnaire and categorized as 'yes' or 'no.' A 'yes' indicated 30 minutes of moderate physical activity three or more times in the last week that made the subject more tired than usual. Nutrient intake including total caloric intake was assessed with a 24 hours dietary recall questionnaire administered by a trained dietician. Results were calculated using the Food Composition Table developed by the National Rural Resources Development Institute (7th revision). Age at menarche was determined by a health questionnaire administered by a trained examiner. Women were classified into premenopausal, menopausal women and women on hormone replacement therapy.

Statistics
----------

Complex sample analysis was used to weight the KNHANES data following the guidance on statistics from the Korea Centers for Disease Control and Prevention. General characteristics of the study subjects were age; blood pressure; body mass index; waist circumference; and metabolic markers of total cholesterol, triglyceride, high-density lipoprotein cholesterol level, fasting blood glucose, insulin, and blood mercury level and were analyzed by a simple descriptive method after data weighting. Alcohol consumption and smoking status were evaluated by the χ^2^ test. To evaluate the relationship between blood mercury concentration and HOMA-IR score, blood mercury concentration was divided into quartiles after log transformation to create a normal distribution. Linear regression analysis was conducted in men and women after adjusting for age, physical activity, alcohol intake, smoking status, and daily total energy intake. For women, we also adjusted for oral contraceptive intake, menopause status, and hormone replacement therapy. Receiver operating characteristic curves and cut-off values for blood mercury concentrations associated with increased HOMA-IR were calculated. The *P* values were used to assess the significance of all analyses. Data were analyzed using SPSS 20.0 (IBM Corp., Armonk, NY, USA) to account for the complex sampling design.

RESULTS
=======

A total of 5,184 subjects' data were analyzed in this study. The general characteristics of the study subjects are summarized in [Table 1](#t1-jomes-26-197){ref-type="table"}. The mean HOMA-IR score was 2.33 for men and 2.27 for women. The mean body mass index (BMI) and waist circumference were 24.0 kg/m^2^ and 83.4 cm in men and 22.7 kg/m^2^ and 76.2 cm in women, respectively. Other respective values in men and women were as follows: average fasting blood sugar (92.7 and 90.6 mg/dL), insulin (10.1 and 10.0 μIU/mL), total cholesterol (185.4 and 184.9 mg/dL), high-density lipoprotein cholesterol (50.0 and 57.0 mg/dL), and triglyceride (149.8 and 103.2 mg/dL). The average blood mercury level in men (5.88 μg/L) was higher than that in women (4.11 μg/L). As expected, the proportion of current smokers and regular alcohol consumption were higher in men than in women.

After blood mercury concentration was log-transformed, we divided it into quartiles ([Table 2](#t2-jomes-26-197){ref-type="table"}). HOMA-IR score showed a gradual increase as blood mercury quartile increased in men after adjusting for age, moderate physical activity, smoking status, alcohol intake, and daily total energy intake. In men, the average HOMA-IR score increased by 0.25 when the highest blood mercury quartile was compared to the lowest blood mercury quartile. In women, after adjusting for covariates, there was no significant difference in HOMA-IR score between quartiles.

The area under the curve (AUC) value of mercury associated with increased HOMA-IR score in men was 0.534 (95% CI, 0.511--0.558) ([Table 3](#t3-jomes-26-197){ref-type="table"}). The cut-off value of blood mercury concentration corresponding to the AUC associated with an increased HOMA-IR score was 4.71 μg/L ([Fig. 2](#f2-jomes-26-197){ref-type="fig"}).

DISCUSSION
==========

This cross-sectional study examined blood mercury concentration in relation to HOMA-IR score using KNHANES data from 2008 to 2010. In our study, we observed consistent increases in HOMA-IR score with increasing blood mercury. HOMA-IR score was significantly higher in the third and fourth quartiles of blood mercury than in the first quartile in men. A blood mercury level over 4.71 μg/L was significantly associated with a significant increase in HOMA-IR score; this could be a cut-off value for blood mercury concentration in Korean non-diabetic men.

Oxidative stress plays a role in the progression of pancreatic β-cell dysfunction and insulin resistance.[@b21-jomes-26-197] Shenker et al.[@b22-jomes-26-197] revealed that mercury induces apoptosis in human T lymphocytes and hypothesized both that the target organelle is the mitochondrion and that inducing oxidative stress activates an apoptotic pathway. Their findings proposed that mercury induces oxidative stress-regulated pancreatic β-cell cytotoxicity through a mitochondrial apoptotic pathway that activates caspase-3 in response to mitochondrial release of cytochrome c. Chen et al.[@b23-jomes-26-197] showed that 2 or 4 weeks of oral exposure to low-dose mercury decreases plasma insulin level, increases plasma lipid peroxidation level, and elevates blood glucose and glucose intolerance. N-acetyl-l-cysteine (a ROS scavenger) prevented these mercury-induced responses. These findings demonstrate that mercury-induced oxidative stress and PI3K activation cause Akt signaling-related pancreatic β-cell dysfunction, which indicates that oxidative stress is involved in the toxic mechanism in mercury-induced hyperglycemia.

In addition, several studies have revealed that blood heavy metal levels are significantly associated with metabolic syndrome, including insulin resistance, after adjustment for multiple parameters.[@b15-jomes-26-197],[@b20-jomes-26-197],[@b24-jomes-26-197] In this study, men who had a blood mercury concentration around 4.71 μg/L showed significantly higher HOMA-IR scores after adjusting for relevant confounders. Interestingly, we observed a gender difference in the association between blood mercury concentration and HOMA-IR score. Mean blood mercury concentration was higher in men than in women (5.88 μg/L vs. 4.11 μg/L). This result is inconsistent with the results of prior studies.[@b24-jomes-26-197],[@b25-jomes-26-197] In addition to the difference in blood mercury concentration, women might also respond differently to mercury exposure; in a cohort study, there was no significant association between blood mercury level and oxidative stress biomarkers in premenopausal women with low exposure levels.[@b26-jomes-26-197] Occupational environments, fish consumption[@b27-jomes-26-197], and frequency of smoking might cause elevated blood mercury concentration.

The mean concentration of blood mercury has gradually increased in Korean adults. This might be partially related to increased insulin resistance, which contributes to an increased risk of diabetes.[@b20-jomes-26-197] The Korean National Environmental Health Survey (KoNEHS) revealed that the average blood mercury concentration in Koreans was greater than that of those living in European countries or in the United States in 2012 to 2014.[@b28-jomes-26-197] In our data, average blood mercury concentration was 5.88 μg/L in men and 4.11 μg/L in women; both measurements are more than four times higher than those from individuals in the USA (0.94 μg/L), Canada (0.69 μg/L), and Germany (0.58 μg/L).[@b29-jomes-26-197]

In a bio-monitoring study of cadmium, lead, and mercury concentration in the general Korean adult population, the geometric mean of serum mercury level (3.08 μg/L, 15.35 nmol/L) was more common in individuals over 40 years of age than in those younger than 40 and higher in those with more frequent fish consumption[@b30-jomes-26-197] and alcohol consumption. Even though a blood mercury level of 3.08 μg/L is not notably toxic, we presume that it has an effect on insulin resistance or vascular inflammation. In addition to insulin resistance, several studies have shown positive associations between mercury exposure and higher blood pressure or hypertension[@b31-jomes-26-197],[@b32-jomes-26-197], mainly due to vascular inflammation. These results also support blood mercury as a risk factor for insulin resistance in the general population. In our study, the mean blood mercury concentration in men was 5.88 μg/L. This value is higher than the lowest value in the third quartile of blood mercury concentration (5.14 μg/L) and the cut-off value of blood mercury for increasing HOMA-IR score (4.71 μg/L). This result might mean that more attention should be paid to men with lower concentrations of blood mercury so as not to increase HOMA-IR.

There are several limitations in our study. First, this was a cross-sectional study, so we could not demonstrate causality between blood mercury level and insulin resistance. Second, we could not adjust for all possible confounders that might affect HOMA-IR or insulin resistance, such as BMI[@b33-jomes-26-197] or hormones.[@b34-jomes-26-197] Although blood mercury is associated with BMI in Koreans[@b35-jomes-26-197], we did not adjust BMI due to multicollinerarity. Third, a personal history of fish consumption and occupational exposure are important to blood mercury concentration. However, we could not adjust for these confounders.[@b36-jomes-26-197] In spite of these limitations, this is the first study to show the cut-off values of blood mercury concentration in connection with increased HOMA-IR score in a large population-based dataset.

In conclusion, higher blood mercury concentration is significantly associated with higher HOMA-IR score in Korean men. The cut-off value of blood mercury concentration in relation to increased HOMA-IR score was around 4.71 μg/L in men, which might mean that an increase in HOMA-IR score is associated with that cut-off value. Large prospective studies are needed to investigate the exact cut-off values between increased HOMA-IR score and blood mercury concentration.
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![Receiver operating characteristic (ROC) curve of blood mercury concentration according to the presence of abnormal homeostasis model assessment for insulin resistance (HOMA-IR) score in men. This ROC curve shows the maximum association between blood mercury concentration (4.71 μg/L, *P*=0.004) and HOMA-IR score at the point of sensitivity (0.608) and 1-specificity (0.547).](jomes-26-197f2){#f2-jomes-26-197}

###### 

General characteristics of the study subjects

  Variables              Men (n=2,523)    Women (n=2,661)   *P*
  ---------------------- ---------------- ----------------- ---------
  Age (yr)               38.7 (0.3)       40.0 (0.3)        \<0.001
                                                            
  Height (cm)            171.4 (0.2)      158.6 (0.1)       \<0.001
                                                            
  Weight (kg)            70.6 (0.3)       57.1 (0.2)        \<0.001
                                                            
  BMI (kg/m^2^)          24.0 (0.8)       22.7 (0.8)        \<0.001
                                                            
  WC (cm)                83.4 (0.2)       76.2 (0.2)        \<0.001
                                                            
  SBP (mmHg)             116.0 (0.4)      110.0 (0.4)       \<0.001
                                                            
  DBP (mmHg)             77.1 (0.3)       71.6 (0.2)        \<0.001
                                                            
  TC (mg/dL)             185.4 (1.0)      184.9 (0.9)       0.711
                                                            
  TG (mg/dL)             149.8 (3.1)      103.2 (1.7)       \<0.001
                                                            
  HDLC (mg/dL)           50.0 (0.3)       57.0 (0.3)        \<0.001
                                                            
  FBS (mg/dL)            92.7 (0.2)       90.6 (0.2)        \<0.001
                                                            
  Insulin (μIU/mL)       10.1 (0.1)       10.0 (0.1)        0.789
                                                            
  HOMA-IR                2.33 (0.1)       2.27 (0.1)        0.159
                                                            
  Energy (kcal/day)      2,394.0 (25.5)   1,684.8 (15.3)    \<0.001
                                                            
  Blood mercury (μg/L)   5.88 (0.11)      4.11 (0.07)       \<0.001
                                                            
  Smoking                                                   
   Yes, n (%)            1,173 (46.5)     158 (5.9)         \<0.001
                                                            
  Alcohol                                                   
   Yes, n (%)            1,940 (76.9)     1,152 (43.3)      \<0.001
                                                            
  Physical activity                                         
   Yes, n (%)            360 (14.3)       361 (13.6)        0.043

Values are presented as mean (standard error) after data weighting.

BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; HDLC, high-density lipoprotein cholesterol; FBS, fasting blood sugar; HOMA-IR, homeostasis model assessment for insulin resistance; Energy, total daily energy intake; Blood mercury, methyl-mercury.

###### 

HOMA-IR score by serum logHg quartile

  Men                Women                                                                         
  ------------------ ---------------------------------------------------------- ------------------ -------------
  Q1 (0.68--3.54)    2.20 (0.05)                                                Q1 (0.76--2.54)    2.20 (0.48)
                                                                                                   
  Q2 (3.55--5.13)    2.25 (0.49)                                                Q2 (2.55--3.56)    2.23 (0.55)
                                                                                                   
  Q3 (5.14--7.41)    2.45 (0.94)[\*](#tfn5-jomes-26-197){ref-type="table-fn"}   Q3 (3.57--4.94)    2.34 (0.57)
                                                                                                   
  Q4 (7.42--56.97)   2.45 (0.89)[†](#tfn6-jomes-26-197){ref-type="table-fn"}    Q4 (4.95--33.93)   2.30 (0.57)
                                                                                                   
  *P* for trend      0.03                                                       *P* for trend      0.22

Values are presented as mean (standard error) after data weighting.

*P* for trend was obtained by a general linear model after adjustment for age, moderate physical activity, smoking status, alcohol intake, and total energy intake in men and further adjustment for menopausal status, intake of oral contraceptives, and hormone replacement therapy in women.

*P*\<0.05 in the comparison between Q1 and Q3.

*P*\<0.05 in the comparison between Q1 and Q4.

HOMA-IR, homeostasis model assessment for insulin resistance.

###### 

AUC and its cut-off value for blood mercury concentration according to an increase of HOMA-IR score in men

            AUC (95% CI)           Hg (μg/L)   Sensitivity   1-Specificity   *P*
  --------- ---------------------- ----------- ------------- --------------- -------
  HOMA-IR   0.534 (0.511--0.558)   4.71        0.608         0.547           0.004

Hg represents the blood mercury concentration corresponding to the cut-off value.

AUC, area under the curve; HOMA-IR, homeostasis model assessment for insulin resistance.
